1. Introduction {#sec1}
===============

Stress is thought to be a risk factor for psychiatric disorders, such as major depression.[@bib1] Based on the results of preclinical studies, it is well-known that chronic stress paradigms in animals recapitulate many of the core behavioral characteristics of clinical depression.[@bib2] Recently, we reported that mice exposed to repeated excessive restraint stress showed emotional abnormality,[@bib3] which suggests an inability to adapt to stressful conditions. Moreover, this emotional abnormality induced by stress maladaptation was alleviated by chronic treatment with yokukansan (YKS),[@bib3] a traditional Japanese herbal medicine that is composed of seven kinds of dried medicinal herbs, i.e., Atractylodis lanceae Rhizoma, Poria, Cnidii Rhizoma, Uncariae Uncis cum Ramulus, Angelicae Radix, Bupleuri Radix and Glycyrrhizae Radix. However, the mechanisms of this effect of YKS are still unknown.

A growing body of evidence suggests that brain glutamatergic neurotransmission may be involved in the pathogenesis of stress-related psychiatric disorders including major depression.[@bib4], [@bib5], [@bib6], [@bib7] In the glutamatergic system, excitatory amino acid transporters (EAATs) control the concentration of glutamate in the synaptic cleft by regulating its reuptake. Several EAAT subtypes have been identified to date: EAAT1 and the most abundant EAAT2 are present in glial cells, while EAAT3 and EAAT4 are present predominantly in neurons.[@bib8] Among them, more attention has been paid to the role of EAAT2, which is also called GLT-1, in the pathophysiology and treatment of depression. For example, a reduction of EAAT2 has been reported in human postmortem studies in depressive patients,[@bib9] and this finding is supported by a preclinical study which found that chronic restraint stress induced a significant decrease in the EAAT2 protein level in the periaqueductal gray matter.[@bib10] More recent studies have demonstrated that animals exposed to chronic unpredictable stress showed depressive-like behaviors as well as a decrease in EAAT2 expression in the hippocampus, which are both reversed by chronic treatment with antidepressant.[@bib11], [@bib12] These reports suggest that EAAT2 may be an attractive candidate molecule associated with stress-related emotional abnormality.

Dietary thiamine-deficient rodents have been reported to show anxiety and depressive-related behaviors.[@bib13], [@bib14] Interestingly, recent *in vitro* studies revealed that YKS ameliorated the decrease in the mRNA expression of EAAT2 under thiamine-deficient conditions in cultured astrocytes.[@bib15] Based on previous reports, we assume that YKS may inhibit the decrease in the expression of EAAT2 induced by chronic exposure to stress stimuli. However, sufficient *in vivo* experiments to confirm this hypothesis have not yet been performed. In the present study, we examined the effect of YKS on the expression of EAATs in the prefrontal cortex and hippocampus in stress-maladaptive mice that were repeatedly exposed to excessive restraint stress.

2. Materials and methods {#sec2}
========================

2.1. Animals {#sec2.1}
------------

Male ICR mice (Japan SLC Inc., Shizuoka, Japan) weighing 25--30 g were housed at a room temperature of 23 ± 1 °C with a 12-h light--dark cycle (light on 7:00 a.m. to 7:00 p.m.). Food and water were available ad libitum. All experiments with animals were conducted in accordance with the Guide for the Care and Use of Laboratory Animals as adopted by the Committee on the Care and Use of Laboratory Animals of the International University of Health and Welfare.

2.2. Materials {#sec2.2}
--------------

Yokukansan is composed of seven dried medicinal herbs: 4.0 g of Atractylodis Lanceae Rhizome (rhizome of Atractylodes lancea De Candolle), 4.0 g of Poria sclerotium (sclerotium of Poria cocos Wolf), 3.0 g of Cnidium Rhizome (rhizome of Cnidium officinale Makino), 3.0 g of Uncaria Hook (hook of Uncaria rhynchophilla Miquel), 3.0 g of Japanese Angelica Root (root of Angelica acutiloba Kitagawa), 2.0 g of Bupleurum Root (root of Bulpleurum falcatum Linne\') and 1.5 g of Glycyrrhiza (root and stolon of Glycyrrhiza uralensis Fisher). These herbs are registered in the Pharmacopeia of Japan ver. 17. The powdered water extract of yokukansan used in the present study was manufactured according to the formulation previously reported[@bib16] and supplied by Tsumura & Co. (Tokyo, Japan). The manufacturing processes and quality are standardized based on the Good Manufacturing Practices defined by the Ministry of Health, Labor and Welfare of Japan. The three-dimensional high-performance liquid chromatography (3D-HPLC) profile of representative batches of yokukansan has been reported previously.[@bib3] Yokukansan was dissolved in purified water and administered orally (p.o.) in a volume of 10 ml/kg. The dosage of YKS (1000 mg/kg) was chosen based on previous reports.[@bib3]

2.3. Exposure to chronic restraint stress and YKS treatment {#sec2.3}
-----------------------------------------------------------

Mice were exposed to chronic restraint stress under conditions in which they could not adapt to stress, as previously described.[@bib3] Briefly, mice were either exposed to repeated restraint stress for 240 min/day by being inserted into a syringe (50 ml) (stressed group) or left in their home cage (non-stressed group) for 14 days. From the 3rd day of exposure to stress, mice were given YKS or vehicle immediately after the daily exposure to restraint stress.

2.4. Western blotting {#sec2.4}
---------------------

After the final exposure to restraint stress, mice were sacrificed by decapitation. Their brains were rapidly removed and the hippocampus and prefrontal cortex were dissected on ice. The brain tissues were homogenized in lysis buffer containing 137 mM NaCl, 0.02 mM Tris-HCl (pH 8.0), 1 % NonidetP-40, 10 % Glycerol, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 mg/mL aprotinin, 1 mg/mL leupeptin, 0.5 mM Sodium vanadate, and 1 mM ethylenediaminetetraacetic acid, and then centrifuged to obtain the supernatants. Protein concentrations were determined using a Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA). Protein extracts were loaded on SDS-polyacrylamide gel electrophoresis, and transferred to polyvinylidene difluoride paper (Millipore, Billerica, MA, USA). The membranes were blocked in blocking buffer containing 20 mM Tris-HCl (pH 7.6), 137 mM NaCl, 0.05 % Tween20, and 5 % skim milk for 1 h at room temperature and incubated with anti-EAAT1 antibody (Santa Cruz Biotechnology, Dallas, TX, USA; diluted 1:500), anti-EAAT2 antibody (Cell Signaling, Danvers, MA, USA; diluted 1:1000), anti-EAAT3 antibody (Santa Cruz Biotechnology; diluted 1:1000), anti-EAAT4 antibody (Santa Cruz Biotechnology; diluted 1:1000) or anti-glial fibrillary acidic protein (GFAP) antibody (Millipore, diluted 1:5000) overnight at 4 °C. The membranes were washed repeatedly in Tris-buffered saline (20 mM Tris--HCl (pH 7.6), 137 mM NaCl) containing 0.05 % Tween-20, and then horseradish peroxidase (HRP)-conjugated secondary antibody (Jackson Immunoresearch Laboratories, West Grove, PA, USA; diluted 1:10000) was added for 1 h. Immunoreactive bands were detected by enhanced chemiluminescence (Santa Cruz Biotechnology), and scanned, optimized and analyzed by Chemi Doc XRS (Bio-Rad Laboratories, Hercules, CA, USA). Quantitative results were expressed as the ratio of the band intensity of the protein of interest to the band intensity of GAPDH.

2.5. Statistical analysis {#sec2.5}
-------------------------

The data are presented as the mean ± S.E. Statistical significance was assessed by one-way analysis of variance followed by post hoc Tukey\'s multiple comparison tests. p values of \<0.05 were considered statistically significant.

3. Results {#sec3}
==========

3.1. Effect of YKS on EAAT expression in the prefrontal cortex and hippocampus of stress-maladaptive mice {#sec3.1}
---------------------------------------------------------------------------------------------------------

Western blotting revealed that the levels of EAAT1 expression in the prefrontal cortex and hippocampus were not affected by chronic exposure to restraint stress and treatment with YKS ([Fig. 1](#fig1){ref-type="fig"}A). In contrast, a significant decrease in the expression level of EAAT2 was observed in the hippocampus, but not the prefrontal cortex, of stressed mice, and this change in EAAT2 expression was suppressed by treatment with YKS ([Fig. 1](#fig1){ref-type="fig"}B). There were no significant differences in the expression levels of EAAT3 or EAAT4 in the prefrontal cortex and hippocampus among the non-stressed, stressed and YKS plus stressed groups ([Fig. 1](#fig1){ref-type="fig"}C and D). In addition, treatment with YKS did not affect the expression levels of EAAT1, EAAT2, EAAT3 or EAAT4 in the prefrontal cortex or hippocampus of non-stressed mice (data not shown).Fig. 1Effect of YKS on EAAT expression in the prefrontal cortex and hippocampus of stress-maladaptive mice. Photographs show representative western blots of EAAT1 (A), EAAT2 (B), EAAT3 (C), and EAAT4 (D). Graphs show the relative densities of bands. Quantitative data were normalized and expressed as a percentage of the expression of EAAT1, EAAT2, EAAT3 and EAAT4 in the vehicle (V) plus non-stressed (NS) group. Each column represents the mean with SE of 8 mice. \*p \< 0.05, \*\*p \< 0.01.Fig. 1

3.2. Effect of YKS on GFAP expression in the prefrontal cortex and hippocampus of stress-maladaptive mice {#sec3.2}
---------------------------------------------------------------------------------------------------------

To examine whether the decrease in the expression level of EAAT2 was associated with a decrease in astrocytes, we determined the amount of GFAP protein, a marker of astrocytes. Western blotting showed that the protein levels of GFAP in the hippocampus and prefrontal cortex were not affected by chronic exposure to restraint stress and treatment with YKS ([Fig. 2](#fig2){ref-type="fig"}).Fig. 2Effect of YKS on GFAP expression in the prefrontal cortex and hippocampus in stress-maladaptive mice. Photographs show representative western blots of GFAP. Graphs show the relative densities of bands. Quantitative data were normalized and expressed as a percentage of the expression of GFAP in the vehicle (V) plus non-stressed (NS) group. Each column represents the mean with SE of 8 mice.Fig. 2

4. Discussion {#sec4}
=============

In the present study, we tried to characterize the expression pattern of EAAT1-4 in the prefrontal cortex and hippocampus of mice that were not able to adapt to excessive stress, and observed the changes in specific EAAT protein levels. As a result, the protein level of EAAT2 was decreased in the hippocampus of mice that had been exposed to inadaptable stress (240 min restraint stress once a day for 14 days), while there were no changes in the protein levels of other EAATs in the hippocampus and prefrontal cortex. EAAT2 is known to be the most active glutamate transporter, and regulates almost all extracellular glutamate reuptake.[@bib17] A previous report showed that repeated immobilization stress resulted in a significant increase in extracellular glutamate levels in the hippocampus of rats.[@bib18] Therefore, the reduced expression of EAAT2 in the hippocampus observed in the present study may cause impaired glutamate transport with elevated extracellular glutamate levels. Furthermore, previous reports showed that the expression level of EAAT2 was reduced in the hippocampus of learned-helplessness rats, an animal model of depression,[@bib19] and in the cerebral cortex obtained from suicidal subjects with major depressive disorder.[@bib9] Importantly, we confirmed that the condition of chronic stress exposure used in the present study disrupts the ability to adapt to stress and induces emotional abnormality.[@bib3] Therefore, a decrease in hippocampal EAAT2 expression, which leads to an excessive extracellular glutamate level, may be involved, at least in part, in the mechanism that underlies the disruption of the ability to adapt to emotional stress.

Another finding in the present study was that chronic treatment with YKS immediately after daily exposure to stress suppressed the decrease in the expression level of EAAT2 in the hippocampus induced by inadaptable stress. In contrast, there was no change in EAAT2 expression under chronic treatment with YKS in non-stressed mice. These findings indicate that YKS is specifically effective for restoring decreased EAAT2 expression under chronically stressful conditions. YKS has been reported to decrease the extracellular glutamate level in the ventral posterior medial thalamus of thiamine-deficient (TD) rats that were produced by feeding a TD diet.[@bib14] Also, *in vitro* studies with cultured astrocytes have revealed that YKS ameliorated the decrease in glutamate uptake as well as the mRNA expression of EAAT2 under thiamine-deficient conditions,[@bib15] suggesting that YKS may be able to lower the glutamate level by increasing the expression of EAAT2. To our knowledge, the present study is the first to present *in vivo* evidence to support this hypothesis. Furthermore, we previously found that, under the same conditions as in the present study, YKS inhibits the emotional abnormality observed in stress-maladaptive mice.[@bib3] Taken together, these previous and present findings suggest that YKS may have a beneficial effect on emotional stress adaptation by restoring hippocampal EAAT2 expression and decreasing the extracellular glutamate level.

It is well known that EAAT2 is most abundantly present in astrocytes.[@bib20] The present study confirmed that the protein levels of GFAP, a marker of astrocytes, in the hippocampus and prefrontal cortex were not affected by chronic exposure to stress or by treatment with YKS. This suggests that the changes in the expression level of EAAT2 observed in the present study may not be due to the atrophy of astrocytes. Although the detailed mechanisms are still unknown, it has been reported that the activation of PKC with phorbol ester caused a decrease in EAAT2 cell-surface expression in both primary co-cultures of neurons and astrocytes that endogenously express EAAT2 and C6 glioma cells transfected with EAAT2.[@bib21] Additionally, prolonged treatment with phorbol ester decreases total EAAT2 protein levels in C6 glioma cells transfected with EAAT2.[@bib22] Recent reports have demonstrated that YKS, as well as glycyrrhizin, a main component of glycyrrhiza, and its metabolite 18β-glycyrrhetinic acid, inhibited PKC activity in a concentration-dependent manner *in vitro*.[@bib23] Thus, we can speculate that these active substances in YKS might increase the expression of EAAT2 by inhibiting PKC activity. Further studies will be needed to clarify this hypothesis.

In conclusion, the present findings suggest that YKS may be able to restore the decreased hippocampal EAAT2 expression under inadaptable stressful situations. This may be one of the mechanisms that underlie our previous behavioral findings that YKS has a beneficial effect on the process of stress adaptation and alleviates the emotional abnormality associated with stressful situations. The present findings provide further evidence that YKS may be effective for the clinical treatment of mental illness that results from maladaptive coping with stressful situations, such as adjustment disorder.
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